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Summary

The main role of microorganisms in the cycling of the
bulk dissolved organic carbon pool in the ocean is
well established. Nevertheless, it remains unclear if
particular bacteria preferentially utilize specific
carbon compounds and whether such compounds
have the potential to shape bacterial community com-
position. Enrichment experiments in the Mediterra-
nean Sea, Baltic Sea and the North Sea (Skagerrak)
showed that different low-molecular-weight organic
compounds, with a proven importance for the growth
of marine bacteria (e.g. amino acids, glucose, dimeth-
ylsulphoniopropionate, acetate or pyruvate), in most
cases differentially stimulated bacterial growth. Dena-
turing gradient gel electrophoresis ‘fingerprints’ and
16S rRNA gene sequencing revealed that some bac-
terial phylotypes that became abundant were highly
specific to enrichment with specific carbon com-
pounds (e.g. Acinetobacter sp. B1-A3 with acetate or
Psychromonas sp. B3-U1 with glucose). In contrast,
other phylotypes increased in relative abundance in
response to enrichment with several, or all, of the
investigated carbon compounds (e.g. Neptuniibacter
sp. M2-A4 with acetate, pyruvate and dimethylsulpho-
niopropionate, and Thalassobacter sp. M3-A3 with
pyruvate and amino acids). Furthermore, different
carbon compounds triggered the development of
unique combinations of dominant phylotypes in
several of the experiments. These results suggest
that bacteria differ substantially in their abilities to
utilize specific carbon compounds, with some bacte-
ria being specialists and others having a more gener-
alist strategy. Thus, changes in the supply or
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composition of the dissolved organic carbon pool can
act as selective forces structuring bacterioplankton
communities.

Introduction

The ocean contains one of earth’s largest bioactive pools
of carbon (i.e. dissolved organic carbon; DOC) and bac-
teria play a key role in assimilating and transforming this
source of reduced carbon (see for example Hansell,
2002). Although a majority of marine DOC consists of
refractory compounds that are slowly decomposed by
microorganisms, some labile compounds that are found at
low nanomolar concentrations, such as glucose or amino
acids, are known to account for up to 10-30% or more of
the daily organic carbon uptake by bacteria (Kirchman,
2003). To utilize DOC, a great diversity of uptake mecha-
nisms and metabolic pathways for different carbon com-
pounds have evolved among phylogenetically diverse
bacteria (Hopkinson and Barbeau, 2011; Sun et al., 2011).
Additional characteristics, such as the substrate affinity or
efficiency of carbon processing, may also vary substan-
tially among bacterial taxa, critically suggesting that the
quality of available compounds could be a strong selec-
tive force on bacterioplankton community composition.
The recognized importance of microbial DOC recycling
in the ocean has resulted in numerous reports revealing
important patterns in the use of different organic matter
compounds among marine bacteria, primarily at the level
of major bacterial groups but also at the level of specific
phylotypes (Ouverney and Fuhrman, 1999; Cottrell and
Kirchman, 2000; Covert and Moran, 2001; Kisand et al.,
2002; Pernthaler etal., 2002; Pinhassi and Berman,
2003; Kirchman et al., 2004; Teira et al., 2004; Vila et al.,
2004; Elifantz et al., 2005; Mou et al., 2008; McCarren
etal., 2010; Alonso-Saez etal., 2012). For example,
among the Alphaproteobacteria, members of the Roseo-
bacter clade show high uptake of monomers like glucose
and amino acids (Cottrell and Kirchman, 2000; Alonso
and Pernthaler, 2006; Alonso-Saez and Gasol, 2007),
while bacteria in the ubiquitous SAR11 clade likely take
advantage of highly diluted monomeric compounds (Gio-
vannoni et al.,, 2005; Malmstrom et al., 2005). Several
Gammaproteobacteria, on the other hand, seem to have a
preference for elevated concentrations of easily assimi-
lated carbon compounds and inorganic nutrients (Eilers
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et al., 2000; Pinhassi and Berman, 2003; Alonso-Saez
and Gasol, 2007; Mou et al., 2007). Studies of the vari-
ability of bacterial populations in time and space also
indicate the role of resources in determining population
dynamics, where, for example, the appearance of Roseo-
bacter clade bacteria and Flavobacteria has been linked
to the organic matter released during phytoplankton
blooms (Gonzédlez etal., 2000; Pinhassi etal., 2004).
Taken together, these reports document that an under-
standing of factors that govern the abundance of particu-
lar bacterial species and their resource preferences is
basic to understanding how transformations of DOC are
regulated in the water column (Kujawinski, 2011).

Studies of the biodiversity of aquatic microbial assem-
blages have revealed a large richness of bacteria in any
given environment, although only a minor portion of the
taxa is abundant at each point in time (Pedrds-Alid, 2012).
Currently, important efforts are being made to understand
the nature of bacterial communities and their potential for
responding to natural or human-imposed disturbances on
different spatial and temporal scales (Allison and Martiny,
2008). Whether bacterial populations making up particular
communities are generalists with respect to their demand
for organic and inorganic nutrients or if they are special-
ists with narrowly defined requirements could have impor-
tant consequences for determining ecosystem functioning
(Mou et al., 2008). Moreover, the distribution of life strat-
egies among extant populations possibly affects the resil-
ience of communities, and, for example, a community
consisting of specialists could be more sensitive to distur-
bances than a generalist community (Allison and Martiny,
2008; Shade et al., 2011).

Environmental forcing (e.g. changes in nutrient supply)
typically generates relatively rapid changes in bacterial
community composition (Kirchman et al., 2004; Pinhassi
et al., 2004; Mou et al., 2007; Allison and Martiny, 2008).
Such compositional changes are frequently accompanied
by changes also in ecosystem processes like metabolic
activity, e.g. bacterial secondary production, indicating dif-
ferent functional roles for different populations (Kirchman
et al., 2004; Judd et al., 2006; but see also Comte and del
Giorgio, 2011). Still, ecosystem processes may also
remain stable despite changes in community composition,
indicating functional redundancy among bacterial popula-
tions (Fernandez et al., 2000; Comte and del Giorgio,
2011). Moreover, the development of similar communities
in response to different environmental conditions argues
that bacterial generalists can also be important players in
the cycling of DOC (Langenheder et al., 2005; Mou et al.,
2008; Lekunberri et al., 2012). So far, no clear patterns
have emerged as to when and where populations respon-
sive to disturbance are either resource specialists or gen-
eralists and how this affects ecosystem functioning. It
would thus be desirable to better resolve the link between

the development of specific bacterial populations and
changes in the organic matter field (Allison and Martiny,
2008; Comte and del Giorgio, 2011).

The aim of this study was to investigate how different
chemically characterized low-molecular-weight organic
compounds, with a proven importance for the growth of
marine bacteria, act as a selective force on the composi-
tion of marine bacterioplankton assemblages. We carried
out a total of nine enrichment experiments, using both
newly collected unfiltered seawater (USC) and aged sea-
water dilution cultures (ASDC). The experiments were
carried out in three different seas that differ substantially
in trophic status, salinity and bacterioplankton composi-
tion. Carbon compound enrichments consisted of acetate,
pyruvate, dimethylsulphoniopropionate (DMSP), glyco-
late, glucose and amino acids. These structurally different
compounds were selected since previous studies show
that they can each account for significant portions of the
daily uptake of organic carbon by bacteria (Fuhrman,
1987; Suttle et al., 1991; Rich et al., 1996; Obernosterer
etal, 1999; Skoog etal, 1999; Ho etal.,, 2002; Simd
et al., 2002; 2009; Kirchman, 2003; Zubkov et al., 2008).
We monitored bacterial growth and the composition of the
communities that developed following enrichment with
each of the different carbon compounds. Our null hypoth-
esis was that the final bacterial assemblages in different
enrichment cultures run in parallel would be qualitatively
similar (i.e. with no major differences in presence/
absence of taxa or in relative abundances). Our results
indicate that changes in the availability of specific carbon
compounds can substantially influence the composition of
marine bacterioplankton assemblages by selectively
favouring the growth of particular bacteria.

Results
Bacterial growth in aged seawater dilution cultures

We carried out the dilution cultures with aged seawater
and inocula of freshly sampled natural bacterioplankton
assemblages to investigate the response of particular
bacteria to enrichment with specific carbon compounds
and without interference from flagellate predation
(Table 1). In nearly all Mediterranean Sea and Baltic Sea
experiments, little growth was observed in the controls
without enrichment (Fig. 1), indicating that ageing of
seawater had resulted in a substantially reduced pool of
labile DOC. Following enrichment with specific carbon
compounds, bacterial growth yields of 1-2 x 10¢ cells
per millilitre were typically observed within 3-5 days. In
most experiments, amino acids resulted in the fastest
bacterial growth response and the highest yields, with
maximum abundances reached already within 2—-3 days

(Fig. 1).
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Table 1. Summary of the aged seawater dilution cultures (ASDC) and unfiltered seawater cultures (USC) performed in the Mediterranean Sea,

Baltic Sea and Skagerrak (North Sea).

In situ Incubation  Type of Carbon compound
Experiment Sampling location Coordinates Date Temp (°C) Temp (°C) culture  enrichments®
MED1-ASDC Mediterranean Sea 41°40’N, 02°48’'E 22 March 2004 13 13 ASDC Ace, Pyr, AA, Glu, DMSP
MED2-ASDC Mediterranean Sea 41°40'N, 02°48'E 25 May 2004 17 17 ASDC Ace, Pyr, AA, Glu, DMSP
MED3-ASDC Mediterranean Sea 41°40'N, 02°48'E 19 July 2004 24 24 ASDC  Ace, Pyr, AA, Glu, DMSP
BAL1-ASDC  Baltic Sea 56°37’N, 16°44’E 17 May 2005 12 12 ASDC Ace, Pyr, AA, Glu
BAL2-USC Baltic Sea 56°39'N, 16°24'E 17 September 2007 20 20 usc Ace, Pyr, AA, Glu, Gly
BAL3-USC Baltic Sea 56°39’N, 16°24’E 8 October 2007 12 12 UsC Ace, Pyr, AA, Glu, Gly
BAL4-ASDC  Baltic Sea 56°39’N, 16°24'E 27 November 2007 10 15 ASDC Ace, Pyr, AA, Glu, Gly
BAL4-USC Baltic Sea 56°39'N, 16°24’E 27 November 2007 10 15 uUscC Ace, Pyr, AA, Glu, Gly
SKA1-USC Skagerrak 58°12'N, 11°18’'E 6 November 2008 10 15 UsC Ace, Pyr, AA, Glu, Gly

a. Abbreviations denote: acetate (Ace), pyruvate (Pyr), amino acids (AA), glucose (Glu), dimethylsulphoniopropionate (DMSP) and glycolate (Gly).

Bacterial growth in unfiltered seawater cultures

Cultures with newly sampled and unfiltered seawater
were used to determine the effect of specific carbon com-
pound additions on the bacterioplankton community when
basically the entire microbial food web (including grazers)
and a recently produced natural DOC pool were present.
Bacterial abundance at the beginning of the USC experi-
ments ranged 2—4 x 10° bacteria per millilitre (Fig. 2). In
experiments BAL2-USC and BAL3-USC, bacterial abun-
dance in the enrichments remained similar to the controls
(Fig. 2A and B), suggesting that grazing pressure main-
tained bacteria at relatively stable abundances. Neverthe-
less, and as compared with the controls, leucine
incorporation rates increased more than five- or twofold in
the amino acids and acetate or glucose and pyruvate
treatments respectively (Fig. 2A and B, insets). In con-
trast, in experiments BAL4-USC and SKA1-USC
(Fig. 2C and D), bacterial abundance was dynamic, with
glucose and acetate resulting in the highest peak abun-
dances (in BAL4-USC also together with pyruvate). Bac-
terial abundance in the glycolate enrichments was similar
to the controls. After 2-3 days of growth, and after sam-
pling for bacterial community DNA and production,
numbers rapidly decreased in these two experiments,
probably due to flagellate grazing.

Denaturing gradient gel electrophoresis (DGGE)
analysis of community structure

We carried out nine experiments, comprising a total of 54
duplicate seawater enrichment cultures (i.e. a total of 108
bottle incubations). We did not detect any specific pat-
terns in the number of phylotypes among treatments, but
there was a general tendency towards a lower number of
bands/phylotypes in the Baltic Sea experiments (for
detailed description of DGGE banding patterns and phy-
lotype distributions, see legends to Figs S1 and S2). Den-
drogram analysis showed that in 30 of the duplicate

A30 MED1-ASDC D  gaLt-aspc
~o5 1.2
=77 1.0
%2.07 0.8
51.5— 0.6
% 1.04 0.4
m 0.5 0.2
0 ¢ —= : (U
0O 1 2 3 4 5 0 1 2 3 4 5
Time (days) Time (days)
B MED2-ASDC E 7_BAL4-ASDC
_ 1.4
1.2 61
mE 104 5 |
o
0.8 4
£ 056 3
S 0.4 2
@©
m 0.2 1
0 ‘ ‘ : ‘ of——_ =
0 1 2 3 4 5 01 2 3 45 6
Time (days) Time (days)
CZ.O MED3-ASDC
— —--C —o— AA
I'_E 1.6 Ace —* Glu
S 1.2 —— Pyr —&—DMSP
Z —— Gly —o— Nat. SW
2 0.8
9
3
3 0.4
0 ¢

1.2 3 4 5 6
Time (days)

Fig. 1. Growth of bacteria in aged seawater dilution cultures
(ASDC) after enrichment with specific carbon compounds.
Experiments in the Mediterranean Sea: (A) MED1-ASDC, (B)
MED2-ASDC, (C) MED3-ASDC. Experiments in the Baltic Sea:
(D) BAL1-ASDC, (E) BAL4-ASDC. Abbreviations in the keys are:
controls without enrichment (C), acetate (Ace), pyruvate (Pyr),
glycolate (Gly), amino acids (AA), glucose (Glu),
dimethylsulphoniopropionate (DMSP), and natural seawater (Nat.
SW).
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Fig. 2. Bacterial abundance and leucine incorporation rates in
unfiltered seawater cultures (USC). Experiments were: (A)
BAL2-USC, (B) BAL3-USC, (C) BAL4-USC, and (D) SKA1-USC.
Controls without enrichment (C), acetate (Ace), pyruvate (Pyr),
glycolate (Gly), glucose (Glu) or amino acids (AA). Error bars
denote standard deviations of samples from duplicate bottles. In
experiment BAL4-USC, error bars denote standard deviations of
triplicate measures from one of the duplicates. Keys and
abbreviations same as in Fig. 1. Black arrows indicate the time
when DNA samples for phylogenetic analysis were collected; at the
same time, the leucine incorporation assays for experiments
BAL2-USC and BAL3-USC were performed.

cultures, the duplicates clustered together, indicating that
the banding pattern was similar (Figs 3 and 4). In 10
cases, the duplicates formed clusters with other treat-
ments because they shared several phylotypes (e.g. pyru-
vate, amino acids and glucose in Fig. 3D). Finally, in 14
cases, the duplicates deviated considerably due primarily
to the presence of different bands in different duplicates
and/or due to substantial differences in the intensity of
shared bands between duplicates (e.g. DMSP or acetate
in Fig. 3B). Still, even in such cases several shared bands
were similar between duplicates (e.g. DMSP or acetate in
Fig. S1B).

Cluster analyses of the bacterial community composi-
tion in the enrichment experiments using ASDC in Medi-
terranean Sea showed that the community composition

differed between carbon compounds (Fig. 3). Notably,
several Alteromonas phylotypes responded to only a few
carbon compounds (e.g. phylotype M1-A4 was only found
with amino acids, Fig. S1A). As seen in the dendrograms
(Fig. 3A-C), the bacterial assemblages in replicate cul-
tures of the control, pyruvate and acetate treatments clus-
tered together and showed relatively similar DGGE
banding patterns (‘fingerprints’) in two out of three experi-
ments (Figs 3A-C and S1A-C). Also for most of the other
treatments, there were individual bands that were found in
both replicates of a specific treatment, although the
general cluster analysis did not group the duplicates
together. However, for DMSP there were considerable
differences between duplicates in all three experiments. It
remains unclear why differences occurred repeatedly pre-
cisely in this treatment, but similar differences between
duplicate cultures have previously been reported by Vila-
Costa and colleagues (2006), analysing phylotypes
responsive to dimethyl sulphide enrichments in Gulf of
Mexico seawater cultures.

Baltic Sea experiments were carried out using both
ASDC and USC. Experiment BAL1-ASDC revealed a
relatively low number of dominant phylotypes (Fig. S1D),
with cluster analysis revealing a good reproducibility
between duplicates for acetate, control and natural sea-
water compared with the other treatments (Fig. 3D). The
most striking observation in this experiment was the
strong dominance of Acinetobacter phylotype B1-A3,
which was unique for the acetate enrichment (Fig. S1D,
Table 2). The DGGE fingerprints of experiments BAL2—
USC and BAL3-USC were remarkably similar (Fig. S2),
considering that they were carried out 1 month apart,
both with Psychromonas phylotype B3-U1 strongly domi-
nating in the glucose enrichments. Hence, cluster analy-
sis showed that, in these experiments, the glucose
duplicates grouped together and were well separated
from the other enrichments (Fig. 4A and B). In experi-
ment BAL4-USC, many of the phylotypes that were
present in the in situ sample were also found in the
enriched cultures (Fig. S2C), and the glucose and amino
acids enrichments were those that triggered the most
pronounced changes in the community structure (see
cluster analysis in Fig. 4C). Finally, in experiment BAL4—
ASDC (Figs 3E and S1E), the majority of phylotypes
were present in most of the treatments; the main differ-
ences were related to band intensity rather than to band
presence/absence.

The Skagerrak experiment was carried out using the
USC approach (SKA1-USC). In this experiment each
carbon compound triggered the growth of a unique com-
bination of phylotypes, and analysis of the DGGE finger-
prints revealed a tight clustering of duplicates for
glycolate, pyruvate, amino acids and glucose, but not for
acetate (Fig. 4D). While some phylotypes were found in
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Fig. 3. Cluster analysis of bacterial
community composition in the aged seawater
dilution culture (ASDC) enrichment
experiments. (A) MED1-ASDC, (B)
MED2-ASDC, (C) MED3-ASDC, (D)
BAL1-ASDC and (E) BAL4-ASDC. The
dendrograms are based on the analysis of the
DGGE images presented in Fig. S1. Controls
without enrichment (C), acetate (Ace),
pyruvate (Pyr), dimethylsulphoniopropionate
(DMSP), glucose (Glu) or amino acids (AA).

with amino acids; and while the glucose treatment con-
tained numerous bands, the glycolate treatment was
dominated by the conspicuous Rhodobacter phylotype
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Taxon-specific responses to carbon compounds

The response of the bacterial community to the different
carbon compound enrichments was evaluated by
sequencing a total of 78 bands extracted from the differ-
ent gels. The identity and phylogeny of the sequenced
phylotypes are presented in Table 2 and Fig. 5.
Gammaproteobacteria was the major group containing
most of the identified bacteria, and several different pat-
terns of carbon compound preference were detected
within this group (Table 2, Fig. 5A). Members of the
genus Alteromonas showed diverse responses to the
carbon compounds studied. Several Alteromonas phylo-
types (e.g. M1-A6 and M2-A7) were found in all, or
nearly all, treatments in different experiments. At the
same time, other Alteromonas phylotypes were selec-
tively stimulated by specific carbon compounds, like phy-
lotypes M2-A5, M3-A4 or M2-A6 that were only detected

with acetate, glucose or pyruvate respectively. Vibrio
phylotypes were selectively stimulated with glucose
(phylotype S1-U3 in the Skagerrak) or amino acids (phy-
lotype M1-A5 in the Mediterranean Sea). The growth of
Psychromonas phylotype B3-U1 (nearly identical to
B4-U14) was strongly stimulated by glucose enrich-
ments in all three USC experiments in the Baltic Sea.
Although found as a strong band in experiment BAL4—
USC, it was relatively weak in experiment BAL4-ASDC
that was run in parallel. Phylotypes related to Neptunii-
bacter caesariensis (M2-A2, M2-A8 and M2-A4)
responded positively, but differently, to the compounds
acetate, pyruvate and DMSP (Fig. 5A). A relatively close
relative, Amphritea balenae phylotype M3-A1, was only
found with DMSP and amino acids. Bacteria belonging
to the genus Oceaniserpentilla (phylotypes M1-A7 and
M2-A3) were detected only in the acetate treatments in
two independent experiments in the Mediterranean. In
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Fig. 5. Phylogenetic trees of 16S rRNA gene sequences retrieved from DGGE bands. (A) Gammaproteobacteria, (B) Alpha-, Beta- and
Epsilonproteobacteria, (C) Bacteroidetes and Actinobacteria. Also shown are reference sequences from cultured bacteria. Colour-filled circles
designate the presence of phylotypes in the enrichments. Circles with a black ring designate phylotypes retrieved from unfiltered seawater
cultures. ClustalW was used for sequence alignment and neighbour joining for tree construction with the software MegAlign in the DNASTAR
package (version 7.0). Numbers at nodes are bootstrap values after 1000 replicates. The scale bar represents the number of amino acid
substitutions per position. Phylotype codes designate the experiment from which the bands were excised (i.e. M1 for experiment MED1, M2
for MED2, M3 for MED3, B1 for BAL1, B3 for BAL3, B4 for BAL4 and S1 for SKA1). This coding allows localizing the different bands from
which specific phylotypes were sequenced in the DGGE images from the different experiments in Figs S1 and S2. Controls without enrichment
(C), acetate (Ace), pyruvate (Pyr), glycolate (Gly), amino acids (AA), glucose (Glu), dimethylsulphoniopropionate (DMSP) and natural seawater
(Nat. SW).
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two separate experiments, a novel Gammaproteobacte-
ria taxon, represented by the phylotypes M1-A14 and
M3-A9 in MED1-ASDC and MED3-ASDC, respectively,
was selectively stimulated in only one replicate each of
the glucose treatments. Acinetobacter phylotype B1-A3
was strongly stimulated in the acetate enrichments in
one of the Baltic Sea experiments.

Eight identified phylotypes in our experiments belonged
to the Alphaproteobacteria (Table 2, Fig. 5B). Two differ-
ent phylotypes (Loktanella B4-A9 and Thalassobius
M3-A8) responded in the amino acids enrichments only.
However, Thalassobius phylotype M3-A3 (nearly identical
to M3-A8) was identified in the pyruvate enrichment as
well as in the amino acids. Roseobacter clade phylotypes
S1-U1 and S1-U5 were found in all treatments, possibly
indicating a relatively wide spectrum of carbon compound
use. Phylotype S1-U2, a member of the Rhodobacter-
aceae family, was strongly stimulated with glycolate in the
Skagerrak.

All Betaproteobacteria phylotypes identified in this study,
except one (Limnobacter M1-A21 from the Mediterra-
nean), were found in experiments in the Baltic Sea. The
Hydrogenophaga-related phylotypes B1-A2, B3-U2 and
B4-A1 became dominant in most of the treatments
(Fig. 5B). However, M1-A21 was only present with acetate
and pyruvate (Fig. S2A). Phylotype M1-A8 was the only
member of the Epsilonproteobacteria found in our experi-
ments and it became dominant in one of the pyruvate
replicates of experiment MED1-ASDC (Table 2, Fig. S1).

A majority of the identified Bacteroidetes phylotypes in
our experiments were present in most of the carbon com-
pound enrichments (Table 2, Fig. 5C). However, three
phylotypes showed specific responses: M3-A23 was
found in pyruvate, M3-A5 in glucose and S1-U6 was
dominant with acetate and glucose. Actinobacteria phylo-
types were only found in the Baltic Sea experiments (i.e.
B3-U5, B4-U17, B4-U13), where they appeared indepen-
dently of the type of carbon compound enrichment.
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Discussion

A variety of experimental approaches have shown that
major groups of bacteria (e.g. Alphaproteobacteria versus
Bacteroidetes) differ in their preference for different
organic substrates (Ouverney and Fuhrman, 1999; Cot-
trell and Kirchman, 2000; Pernthaler et al., 2002; Teira
et al., 2004; Vila et al., 2004; Elifantz et al., 2005; Alonso
and Pernthaler, 2006; Alonso-Saez and Gasol, 2007).
Challenging these studies, a report by Mou and col-
leagues (2008) applying experimental metagenomics
showed that, even though the addition of the distinct
carbon compounds DMSP and vanillate stimulated the
synthesis of new bacterial DNA, the phylotypes respond-
ing to these specific additions were basically the same.
They thus suggested that bacterioplankton from coastal
waters have a dominant generalist behaviour when con-

suming specific compounds of the DOC pool. Neverthe-
less, the short read length of the pyrosequencing method
used, where only about one-tenth of each gene was
covered by the metagenomic sequence data set, allowed
only comparisons of the substrate-specific metagenomes
at the taxonomical level of order. The authors therefore
speculated that their interpretation could change if the
bacterioplankton responses were analysed at a higher
level of taxonomic resolution (Mou et al., 2008). We used
PCR-DGGE analysis to detect changes in bacterial com-
munity composition triggered by specific organic carbon
compound enrichments. This allowed visualization of rela-
tive changes in bacterial community composition and
identification of the dominant bacterial phylotypes through
sequencing of bands (i.e. partial 16S rRNA gene
sequences). The sequences obtained here had a length
of about 500 bp, which permits the discrimination of dif-
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ferent phylotypes (i.e. particular bacterial sequence types)
within larger phylogenetic clusters (e.g. genera or fami-
lies). Our results corroborate the finding of Mou and col-
leagues (2008) in that, at the level of class, and even at
the level of order, marine bacterioplankton may be con-
sidered as generalists. For example, our finding of several
individual phylotypes in the order Alteromonadales (class
Gammaproteobacteria) responding to many carbon com-
pounds would suggest they are generalists. At the same
time, however, many phylotypes even within the genus
Alteromonas were highly restricted to certain carbon com-
pounds, suggesting that they are specialists. Together,
our experiments showed that specific carbon compounds
stimulated the growth of particular bacterioplankton
members in many cases and that this was most evident at
the species level.

According to our null hypothesis, based on the assump-
tion that marine bacteria should be generalists with
respect to the use of low-molecular-weight labile DOC
compounds, we expected no differences in the banding
pattern of DGGE fingerprints from bacterial assemblages
that developed in seawater cultures enriched with differ-
ent monomeric carbon compounds. Indeed, in a few
experiments, we did find individual dominant phylotypes
that occurred in all carbon compound enrichments, indi-
cating that they had a broad spectrum of utilization of
different labile organic carbon compounds. This was par-
ticularly pronounced among the Bacteroidetes and Acti-
nobacteria phylotypes in the Baltic Sea experiments.
However, the null hypothesis as a whole should be
rejected on two accounts. First, in nearly all experiments
there was at least one of the carbon compounds investi-
gated that resulted in the increase in relative abundance
of one individual phylotype that was characteristic for that
specific carbon compound. Examples of this pattern of
distribution were the dominance of Acinetobacter phylo-
type B1-A3 in the acetate enrichment in experiment
BAL1-ASDC, Psychromonas phylotype B3-U1 in the
glucose enrichment in experiment BAL3-USC and
Rhodobacter phylotype S1-U2 in experiment SKA1-USC.
Second, in several experiments different carbon com-
pounds triggered the development of unique combina-
tions of dominant phylotypes, although individual
phylotypes were not necessarily unique to each carbon
compound. This was most prominent in experiment
SKA1-USC. Rejection of our null hypothesis implies that
not all marine bacterioplankton are generalists. Rather,
our data show that several individual bacterial taxa
respond differently to labile organic compound inputs,
suggesting that under certain ecological conditions they
could effectively be considered organic matter specialists.

In the present study we used a subset of different labile
monomeric/low-molecular-weight carbon compounds
known to be substrates of importance to marine bacteria

(Kujawinski, 2011). In the sea, the concentration of these
compounds is highly variable on temporal and spatial
scales, as is the measured bulk bacterial uptake of the
same compounds (Fuhrman, 1987; Suttle et al., 1991;
Rich et al., 1996; Obernosterer et al., 1999; Skoog et al.,
1999; Ho et al., 2002; Sim6 et al., 2002). Thus, if bacteria
differ in their capacity and/or efficiency in utilizing such
compounds for growth and respiration (e.g. by having
transport systems with different affinities for a certain
compound), the availability of resources could be impor-
tant in structuring bacterial community composition.
However, such a conclusion would critically depend on
how we perceive the metabolic capacity of bacteria in
relation to the availability of specific organic compounds in
the sea. Our results indicate that marine bacteria can be
classified into different tentative categories with respect to
how they benefit from substrate inputs when growing in
the presence of other bacteria (i.e. not in monoculture): (i)
strict specialists, i.e. bacteria responding to only one
carbon compound, (ii) moderate specialists, bacteria
responding to a few carbon compounds that are likely to
be abundant in certain situations (e.g. compounds
released by phytoplankton) and (iii) generalists, bacteria
that respond to many and structurally different carbon
compounds. These categories should be interpreted with
caution, since it is unlikely that any strict specialist bacte-
rium would be unable to use no more than one single
compound if given the chance, or that a true generalist
could consume all possible available compounds. We find
it highly likely that whether or not an individual bacterial
species behaves as a strict or moderate specialist would
depend on the presence of other taxa in its vicinity (i.e.
through direct competition for resources). Moreover, even
if a species has the metabolic machinery to utilize certain
compounds, factors like substrate concentration (e.g.
Alonso and Pernthaler, 2006) or the particular physical,
chemical or biological context (e.g. temperature, inorganic
nutrient availability or accompanying microbial assem-
blage) will influence the ability of bacteria to use them.
We identified a substantial diversity of phylotypes with
preferences for different carbon compounds. As previ-
ously observed, Gammaproteobacteria such as Vibrio
and Alteromonas spp. thrived in seawater experiments
with allochthonous carbon enrichments, and conse-
quently they are frequently referred to as copiotrophs,
‘weeds’ or opportunists (Fuchs et al.,, 2000; Allers et al.,
2007). Indeed, vibrios have a series of genome properties
typical for extreme copiotrophs, such as many rRNA
operons (Lauro etal., 2009). However, and somewhat
unexpected, we note that: (i) not all phylotypes that
responded to the investigated carbon compounds were
known copiotrophic bacteria and (ii) even among bacterial
groups known as copiotrophs, there were, in addition to
generalist phylotypes, particular specialist phylotypes that
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responded only to specific carbon compounds. For
example, while some Alteromonas phylotypes reacted
universally to manipulation (i.e. phylotypes were also
detected in controls; like M2-A1, M2-A7, M1-A4), other
members of that genus needed supplementary carbon
compounds in order to grow (e.g. phylotypes M2-A5,
M2-A6, stimulated by different carbon compounds). Ten-
tatively defining as generalist bacteria those phylotypes
that used four or more out of five carbon compounds in
each experiment (not counting the controls), and special-
ists those that used only one compound, resulted in the
emergence of some interesting preference patterns.
Thus, across all our experiments, among the 42 phylo-
types in the Gammaproteobacteria that showed a
response, only five phylotypes would classify as general-
ists. On the other hand, 21 out of 42 phylotypes appeared
to be specialists. This suggests that among the Gam-
maproteobacteria there is a large diversity of specialists.
Concerning other Gammaproteobacteria phylotypes
that became dominant in specific enrichments, some
deserve brief mentioning regarding what is known about
them. A few phylotypes preferentially thrived with acetate,
such as Acinetobacter phylotype B1-A3 in experiment
BAL1-ASDC. Members of the genus Acinetobacter are
ubiquitous in both soil and aquatic environments, and are
known to be competitive in experiments with acetate as
sole carbon compound for growth (Towner et al., 1991).
Incidentally, microbial uptake of radiolabelled substrates
measured in situ showed remarkably high assimilation
rates of acetate on the day the water for this experiment
was collected (data not shown). Marinomonas phylotype
M1-A2, found to be dominant with pyruvate and DMSP,
had a partial 16S rRNA gene sequence identical to
the whole-genome sequenced bacterium Marinomonas
blandensis strain MED121. Screening of this genome
revealed the dmdA and phosphoenolpyruvate synthetase
genes, which are necessary for utilization of DMSP and
pyruvate as carbon sources for growth respectively
(Postma and Roseman, 1976; Howard et al., 2006).
Overall, although a wide diversity of bacteria thrived in
the experiments, it should be noted that the organisms
that responded to carbon enrichments are not necessarily
the organisms that are oxidizing the bulk of the same
substrates in nature. For example, bacteria in the SAR11
clade are important in the processing of DMSP in oceanic
waters (Malmstrom et al, 2004), but are rapidly out-
competed in enrichment experiments like ours, potentially
due to too high substrate concentrations for these olig-
otrophic bacteria. Moreover, an experimental approach
like the one used here, using enrichments with single
(albeit ecologically relevant) model carbon compounds,
should not be expected to elicit the same response by the
bacterioplankton as the response to variation of particular
compounds against a background of various labile or
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complex DOC compounds in natural waters. Future work
linking the abundance of specific bacterial taxa to varia-
tions in particular carbon compounds (determined for
example through mass spectrometry and/or nuclear mag-
netic resonance approaches) will have the potential to
show if bacterial responses as those found in our study
are also distinguishable in the sea. It is also likely that
some bacteria need essential cofactors (e.g. vitamins or
iron) to compete successfully for particular carbon com-
pounds, and that the lack of such factors limited the
response of bacteria in the experiments. We used enrich-
ments corresponding to the micromolar concentrations of
total labile DOC found in the coastal waters studied, while
in the sea the particular compounds used vary at nano-
molar concentrations. The high concentration could
favour organisms that grow rapidly and would not reveal
the competition for substrates that occurs at nanomolar
substrate concentrations. These considerations are
important when interpreting our results, together with the
notion that our study was not designed to study the spe-
cialized carbon cycling activities of bacterioplankton in
their natural environment.

We did enrichment experiments using both unfiltered
seawater with unmanipulated microbial assemblages and
seawater dilution cultures where flagellate grazers had
been removed by filtrations. Indeed, the bacterial abun-
dance results and leucine incorporation data in Figs 1 and
2 showed that grazing was important in the unfiltered
treatments and had consequences for the development of
bacterial populations in the experiments. The distribution
of Psychromonas phylotype B3-U1 could serve as an
example: in experiment BAL4-ASDC without grazing, this
phylotype (represented by band B4-A8 in Fig. S1E) was
present at relatively low abundance with acetate, amino
acids and glucose. However, in both experiments BAL3—
USC and BAL4-USC (with grazing maintained) this phy-
lotype (represented by band B3-U1 or B4-U14 in Fig. S2B
or C respectively) became dominant in the glucose treat-
ment only. This suggests that this Psychromonas species
is a competitive glucose scavenger primarily when
grazers are present. This example indicates that the
success of specific bacterial taxa may differ between
experimental approaches (due to differences in growth
conditions with or without grazers). Still, and indepen-
dently of experimental approach, our collective results
substantiate that the availability of particular carbon com-
pounds is important for structuring bacterioplankton com-
munities by selecting for specific phylotypes or distinct
sets of bacteria.

This experimental study with coastal seawater, and the
natural bacterioplankton therein, was carried out to
examine the potential of particular carbon compounds to
select for specific organisms or sets of organisms. We
found that, in most experiments, both generalist and
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specialist bacterial populations developed in response to
different carbon compound enrichments, suggesting that
both strategies can be important for defining bacterial
ecosystem functioning characteristics. The results indi-
cate the feasibility of investigating microbial assemblages
as well as specific model organisms to understand how
the interactions between particular organic compounds
and bacteria determine the ecology and biogeochemistry
of microbial carbon cycling in the ocean. In particular, it
would be desirable to understand the molecular mecha-
nisms regulating carbon cycling through specific DOC
compounds of different classes (e.g. organic acids,
sugars and amino acids). The experimental data pre-
sented here, in combination with in silico data increasingly
available from genome sequencing of marine bacteria
(Konstantinidis et al., 2009; Lauro et al., 2009; Newton
et al., 2010), strongly suggest that different bacterial taxa,
even those of the same order or genus, have different
ecological roles in the transformation of the marine dis-
solved organic matter pool.

Experimental procedures
Seawater cultures

Two different experimental setups based on seawater cul-
tures (i.e. ASDC and USC, see below), were carried out in a
total of nine experiments with seawater from the Mediterra-
nean Sea (Blanes Bay Microbial Observatory), the Baltic Sea
and the Skagerrak in the eastern North Sea (Table 1).

Aged seawater dilution cultures were designed to study the
effect of enrichment of specific carbon compounds on the
bacterioplankton community when no other labile DOC com-
pounds or predators were present. To prepare seawater
medium of low labile DOC concentrations, surface water from
each sea was collected and stored for approximately 1 year
at room temperature in the dark. During this period of time,
bacteria in the stored seawater were expected to consume
the labile DOC. At the time of the experiments, aged seawa-
ter to be used as growth medium was filtered through 0.2 um
pore size Sterivex filter capsules (Millipore) using a peristaltic
pump. This filtered water was distributed in 2 | polycarbonate
bottles (Nalgene; 1900 ml each) and inoculated with a final
concentration of 5x 10* bacteria per millilitre (representing
approximately a 20-fold dilution of the inoculum). The inocu-
lum was prepared by gravity filtration of freshly sampled
water through a 47 mm diameter 0.8 um pore size (0.6 um for
BAL4—-ASDC) polycarbonate filters (Nuclepore).

Unfiltered seawater cultures were used to analyse the con-
sequences of specific carbon compound additions on the
bacterioplankton community when nearly the entire microbial
food web (including grazers) and the natural organic matter
were present. For the USC, 1.51 of surface seawater was
transferred to acid- and sample water-rinsed polycarbonate
bottles (Nalgene).

All seawater cultures (USC and ASDC) were maintained at
in situ temperatures with the exception of BAL4-ASDC,
BAL4-USC and SKA1-USC, which were incubated 5°C

above the in situ temperature. This was done to reduce
potentially confounding impacts of lower temperature on bac-
terial activities and carbon compound utilization patterns.
Cultures were incubated in the dark (to avoid the potential
effects on bacteria of organic matter production from phy-
toplankton photosynthesis or bacterial phototrophy) and
monitored during approximately 5 days. Duplicate carbon-
enriched treatments received a final concentration of 20 uM
carbon of either of the specific carbon compounds. Assuming
an average labile DOC concentration of 20 uM in the studied
waters (Zweifel et al., 1993; J. Pinhassi, unpublished), these
enrichments corresponded to a replenishment of the labile
DOC pool by the specific carbon compounds. The com-
pounds used were D(+)-glucose, L-amino acids, glycolate
(C.H40s3), acetate (C.H;0.Na x 3H,0), pyruvate (CsHs;O3Na)
and DMSP (see Table 1). The amino acid enrichment con-
tained an equal mix of: L-alanine, L-asparagine, L-aspartic
acid, L-glutamic acid, glycine, L-histidine, L-isoleucine,
L-leucine, L-lysine, L-phenylalanine, L-proline, L-serine,
L-threonine, L-tyrosine and L-valine. Carbon compounds were
purchased from Sigma-Aldrich, except DMSP that was kindly
provided by Rafel Simé (ICM-CSIC, Barcelona, Spain). An
additional treatment using 0.2 um filtered freshly sampled
seawater medium was included in experiment BAL1-ASDC
to determine bacterial growth on the natural DOC pool. Dupli-
cate USC or ASDC controls received no carbon compound
additions. All utensils in contact with the samples were acid-
rinsed with 1 M HCI and extensively rinsed with Milli-Q water
and sample water prior to use.

Bacterial abundance

Bacteria were enumerated by flow cytometry. Samples were
preserved with a mixture of 1% paraformaldehyde and 0.05%
glutaraldehyde (final concentrations) and stored frozen at
—70°C. Cell counts were carried out with a BectonDickinson
FACSCalibur flow cytometer after the cells were stained
either with Syto13 at a final concentration of 2.5 uM or
SYBRGreen | at a 1:10 000 dilution of the commercial solu-
tion (Gasol and del Giorgio, 2000). Bacterial samples in
experiment BAL1-ASDC were fixed with 0.2 um pore size
filtered formaldehyde (4% final concentration), stained with
SYBRGold (1:100 dilution, Molecular Probes), filtered onto
black 0.2 um pore size polycarbonate filters (Poretics,
Osmonics) and counted by epifluorescence microscopy
within 48 h.

Bacterial activity

Bacterial activity was measured using the [*H]-leucine incor-
poration method (Kirchman et al.,, 1985), as subsequently
modified (Smith and Azam, 1992). Samples were collected
after 2 days of incubation in experiments BAL2-USC and
BAL3-USC, and after 3 days in BAL4-USC and SKA1-USC
(i.e. at the days of sampling for DNA). For each sample,
triplicate aliquots (1.2 ml) and a trichloroacetic acid-killed
control were incubated with 40 nM [*H]-leucine (final concen-
tration; experimentally determined to be saturating in the
studied waters) for 1 to 1.5 h at the experiment temperature
in darkness.
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Microbial community DNA

For collection of microbial community DNA, a 500-750 ml
sample of each culture was filtered through a 0.2 um pore
size polycarbonate filter at <200 mmHg to collect bacterial
cells. For experiments MED1, MED2, MEDS3 and BAL1, com-
munity DNA was collected after 5 days’ incubation. For the
other experiments, community DNA was collected when the
highest abundances were reached for each experiment,
(approximately 48 h for BAL2-USC, BAL3-USC and SKA1-
USC, 72 h for BAL4-USC and B4). Filters were immediately
frozen at —70°C in TE buffer until further processing.

Microbial community DNA was obtained by phenol-
chloroform extraction, following the protocols of Schauer
and colleagues (2003) or Bostrdm and colleagues (2004)
for samples from the Mediterranean Sea or the Baltic Sea
and Skagerrak respectively. DNA was resuspended in TE
buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and quantified
fluorometrically (PicoGreen; Molecular Probes). Bacterial
16S rDNA was amplified by PCR using a bacterial primer
complementary to position 341-358 with a 40 bp GC-clamp
(GC341F; Muyzer etal, 1993) and a universal primer
complementary to position 907-927 (907RM; Muyzer et al.,
1998). Initial denaturation was at 95°C for 2 min followed by
a thermal cycling programme as follows: denaturation for
30 s at 94°C; annealing for 30 s at an initial 63°C, decreas-
ing 1°C every two cycles to a final of 53°C; extension for
90 s at 72°C. Ten cycles were run at 53°C for a total of 30
cycles followed by final 7 min of incubation at 72°C. The
quality and size of PCR products were verified by agarose
gel electrophoresis.

Denaturing gradient gel electrophoresis and sequencing

Sixty nanograms of PCR product were analysed by DGGE on
a 6% polyacrylamide gel with a DNA-denaturant gradient
ranging from 29% to 52% in the D Gene System (Bio-Rad) at
60°C for 6 h at 150 V in 1x TAE (40 mM Tris, Acetic Acid,
EDTA, pH 7.4). DGGE fingerprints were used to construct
dendrograms using the package Vegan in R 2.12.0 (Oksanen
et al., 2010) applying the Lance—Williams coefficients, Euclid-
ean distances and unweighted-pair group means analysis
(UPGMA).

Denaturing gradient gel electrophoresis bands were
excised using a sterile razor blade and eluted in 20 ml of
MilliQ water overnight at 4°C, followed by a freeze—thaw
cycle. Atotal of 5 ul of the eluate was used for re-amplification
with the original primer set. A part of the PCR product was
analysed by DGGE together with the original sample to verify
the correct position of the band, and in cases where more
than one band was present the target band was processed
again as described above. PCR products were purified with
the QlAquick PCR-Purification Kit (Qiagen) and quantified
fluorometrically (PicoGreen; Molecular Probes) and subse-
quently sequenced by Macrogen (Korea). Sequenced DGGE
bands (i.e. phylotypes) were defined as responsive to specific
carbon compounds based on presence/absence or when
band intensities in one or several treatments were more than
five times stronger compared with controls or other treat-
ments. Sequences have been deposited in GenBank under
the Accession Numbers HQ836376—-HQ836450.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. DGGE fingerprints of bacterial assemblages in the
aged seawater dilution culture (ASDC) enrichment experi-
ments. (A) MED1, (B) MED2, (C) MEDS3, (D) BAL1, (E) BAL4.
Controls without enrichment (C), acetate (Ace), pyruvate
(Pyr), glycolate (Gly), amino acids (AA), glucose (Glu), dim-
ethylsulphoniopropionate (DMSP) and natural seawater (Nat.
SW). Several phylotypes in experiment MED1-ASDC were
unique for one or a few enrichments (E; see also A—C and
Table 2). For example, Oceaniserpentilla phylotype M1-A7
was unique for the acetate treatment while Alteromonas phy-
lotype M1-A4 was only found with amino acids. Alteromonas
M1-A1 was important only in DMSP (note that this band was
different from Limnobacter phylotype M1-A21). Some phylo-
types occurred in several, but not all, treatments, e.g. Limno-
bacter M1-A21 that was dominant in the control, acetate and
pyruvate treatments or the phylotypes Methylophaga
M1-A10, Glaciecola M1-A11 and Alteromonas M1-A12 that
were present in all treatments except amino acids and
glucose. Comparison of the banding pattern between the
enrichment cultures and the in situ bacterial community
revealed little, if any, overlap in dominant phylotypes (A). Also
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in experiment MED2-ASDC there were phylotypes restricted
to single treatments, such as Glaciecola M2-A6 that was
strongly stimulated in the pyruvate treatment. Others, like
Neptuniibacter phylotypes M2-A2 and M2-A4, were dominant
in one or more replicates of DMSP, pyruvate and acetate
treatments (B, Table 2), while Alteromonas phylotype M2-A7
was present both in the controls and in all treatments (except
pyruvate). In experiment MED3-ASDC, Aestuariibacter phy-
lotype M3-A10 was only detected in controls and with glucose
and Bacteroidetes phylotype M3-A23 was only found in one
of the pyruvate duplicates (C), while Amphritea phylotype
M3-A1 (Oceanospirillales) was present in both DMSP and
amino acid enrichments. In experiment BAL4-ASDC (E), the
majority of phylotypes were present in most of the treatments;
the main differences were related to band intensity rather
than to band presence/absence (e.g. Limnobacter B4-A1 and
Bacteroidetes B4-A5). Marinomonas phylotype B4-A10 was
found in the control, glycolate and acetate, while Loktanella
B4-A9 was restricted to amino acids.

Fig. S2. DGGE fingerprints of bacterial assemblages in the
unfiltered seawater culture (USC) enrichment experiments.

(A) BAL2-USC, (B) BAL3-USC, (C) BAL4-USC, (D) SKA1-
USC. Abbreviations same as in Fig. S1. In experiments
BAL2-USC and BAL3-USC (A and B respectively), Psy-
chromonas phylotype B3-U1 strongly dominated in the
glucose enrichments. Betaproteobacteria phylotype B3-U2
was found with different band intensities in all enrichments,
except the amino acids. In experiment BAL4-USC (C), many
of the phylotypes that were present in the in situ sample were
also found in the enriched cultures. Compound-specific phy-
lotypes were Psychromonas B4-U14 that was dominant with
glucose, and Marinomonas B4-U20 and Hydrogenophaga
B4-U21 that were found in the amino acids enrichment (see
also Table 2).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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